Introduction
Multiple sclerosis (MS) is an autoimmune, neurodegenerative disorder marked by chronic inflammatory demyelination in the central nervous system (CNS). MS has a complex etiology involving both genetic susceptibility and exposure to environmental factors (Margaret H, Nancy S et al. 2011) ; there is, for example, a strong link between low sunlight exposure and high MS risk (McFarlin and McFarland 1982 , Garcion, Wion-Barbot et al. 2002 , Correale, Ysrraelit et al. 2009 ). In recent years our understanding of the role of vitamin D 3 in CNS functioning has increased rapidly, with low vitamin D level being identified as a potential risk factor for MS this implies that abnormal functioning of CNS causes MS. While vitamin D 3 is best known as a calcium homeostasis modulator, both experimental and clinical observations provide evidence that vitamin D3 is also one of several environmental factors that can affect MS prevalence; these observations are supported by the fact that there is a reduced risk of the illness associated with low sunlight exposure and a benefit from use of vitamin D supplements (van der Mei, Ponsonby et al. 2003 , Munger, Zhang et al. 2004 . Because sunlight exposure produces vitamin D 3 , the high MS risk associated with low sunlight exposure has been attributed to insufficient sunlight for catalyzing synthesis of the vitamin D 3 hormone, 1,25-dihydroxyvitamin D 3 (1,25-(OH) 2 D 3 ) (Haines, Terwedow et al. 1998) . Consistent with this hypothesis, 1,25(OH) 2 D 3 has been shown to strongly inhibit experimental autoimmune encephalomyelitis (EAE), an animal model of MS, and this effect is mainly through an immunomodulatory mechanism (Lemire and Archer 1991 , Spach, Nashold et al. 2006 , Constantinescu, Farooqi et al. 2011 ). However, whether 1,25(OH) 2 D 3 can directly promote endogenous neuroregeneration/ remyelination is not known.
Neural stem cells (NSCs) are precursor cells that have the capacity to undergo self-renewal and to differentiate into multiple neural cell types, including neurons, astrocytes and oligodendrocytes (Li, Li et al. 2013) . The majority of NSCs come from two areas: the subventricular zone (SVZ) and the subgranular zone of the hippocampus (Doetsch, Caille et al. 1999) . NSC proliferation and differentiation plays an important role in neural development and repair; however, this function is dramatically reduced in CNS inflammatory disorders such as MS, resulting in a failure in spontaneous remyelination and neural recovery (Franklin and Ffrench-Constant 2008) . Although NSC-based transplantation has become a potential therapeutic approach in the treatment of neurological disorders (Martino and Pluchino 2007 , Yang, Xing et al. 2009 , Kovacs, Wagner et al. 2012 ), a treatment that can promote endogenous NSC proliferation and neural cell differentiation would hold great promise for neural repair and cellular repopulation in the CNS. In the present study, we investigated the possibility that, in addition to its known immunomodulatory effect, 1,25(OH) 2 D 3 may have a direct beneficial effect on NSCs, thus promoting neural cell differentiation and neuroprotection and reducing neurological deficits in EAE/MS.
Materials and Methods

NSC Culture
NSCs were generated from C57BL/6 female adult mice (8-10 weeks old). Whole brain was harvested (Neural Tissue Dissociation kit, Miltenyi Biotec, San Diego, CA) and cell suspensions plated onto a tissue culture petri dish (100×15 mm) in proliferation media (DMEM-F12 medium, B27 supplement, Gibco Life Technologies, Grand Island, NY) along with penicillin 10,000 IU/ml and streptomycin 10,000 µg/ml (Corning Cellgro, Mediatech, Inc., Manassas, VA) in the presence of 20 ng/ml human recombinant epidermal growth factor (EGF, Peprotech, Rocky Hill, NJ) and 10 ng/ml basic fibroblast growth factor (bFGF, Peprotech, Rocky Hill, NJ). Culture medium was changed every 3 days. Under these conditions, cells grew rapidly, forming small clusters gradually enlarged by cell division, and the early phase of neurosphere formation was observed after 3-5 days. Passaging of free-floating neurospheres was performed by dissociation with Accutase cell detachment solution (Innovative Cell Technologies, San Diego, CA) into small neurospheres or single cells in the same medium. NSCs at the passage 5, which had been identified by neurosphere and nestin + , were used in this study (Pluchino, Quattrini et al. 2003) . All animal protocols were approved by the Institutional Animal Care and Use Committee of Thomas Jefferson University, following NIH guidelines.
Proliferation of NSCs
NSC proliferation at different concentrations of 1,25(OH) 2 D 3 in culture was determined by Bromodeoxyuridine (BrdU) assay. BrdU can be incorporated into DNA during the synthesis-phase of the cell cycle as a substitute for thymidine, thereby serving as a marker for proliferation. Evaluation of cell proliferation could thus be obtained from culture and incorporation of BrdU DNA synthesis assays. NSCs at passage 5 were plated at 1 × 10 5 cells /cm 2 in microtiter plate and cultured with proliferation induction media for five days. 1, 25(OH) 2 D 3 at concentrations of 10 −12 -10 −6 M was added the following day. BrdU (BrdU Cell Proliferation ELISA Kit, Abcam, Cambridge, MA) was added to the cells and incubated at 37°C for 4-6 hrs. The cell cycle length was determined as the time required for incorporation of BrdU into all proliferative cells by ELISA analysis (Multiskan FC Microplate Photometer, Thermo Fisher Scientific Inc., Waltham, MA).
NSC proliferation was also evaluated by counting their absolute numbers. Neurosphere dissociated cells were transferred to poly-D lysine and laminin (Sigma-Aldrich Co., St. Louis, MO) coated 96-well plates at a density of 5 × 10 4 cells/ml and maintained in proliferation medium at 37°C. The following day, 1,25(OH) 2 D 3 , at a concentration of 10 −6 M, was added to the culture medium. neurospheres were dissociated into single cells and counted by hemocytometer at days 1, 3, 5, 9, and 14 of culture.
NSC differentiation
To evaluate NSC differentiation, single cell suspensions of NSCs (1.25×10 5 cells/ml) at passage 5 were cultured in 24-well plates and incubated with stem cell differentiation induction medium, i.e., NSC basal medium plus 10% NSC differentiation supplements (Stem Cell Technologies, Vancouver, BC, V5Z 1B3, Canada) at 37°C. Various concentrations of 1,25(OH) 2 D 3 (10 −12 -10 −6 M) were added to the cells on the following day and NSC differentiation was evaluated after 14 days of culture.
Immunocytochemistry
Cells were grown (1.25 × 10 5 cells /ml) on coated coverslips (cover glasses, circles, 12 mm, thickness 0.13-0.17 mm; Carolina Biological Supply Company, Burlington, CA) with poly-D lysine and laminin (Sigma-Aldrich Co. St. Louis, MO) in 24-well plates. Differentiation media with or without 1,25(OH) 2 D 3 at 10 −6 M was added to the cells on the following day. After 14 days, cells were fixed with 4% paraformaldehyde (Mediatech, Inc., Manassas, VA) in PBS and processed for immunocytochemistry staining. Blocking was performed in 3% BSA, 8% horse serum and 0.3% Triton X-100 for 2 hours at room temperature. Cells were then incubated with primary antibodies: anti-GalC (1:50) as an intracellular oligodendrocyte marker; anti-GFAP (1:150), an intracellular astrocytic marker; anti-NeuN (1:500), a diagnostic neuronal marker and anti-nestin (1:50), an undifferentiated NSC marker, at 4°C overnight. Secondary antibodies were applied for 1 h at room temperature after rinsing coverslips twice with PBS. Cells that lacked the primary antibody served as negative control.
Cells were mounted with vectashields mounting media (Vector Laboratories, Inc., Burlingame, CA) and visualized by fluorescence microscope (Nikon Eclipse E600, Optical Apparatus Co. DeWitt, Iowa). Images were acquired with a Retiga 1300 (Q Imaging Co., Surrey BC, Canada) high performance CCD camera.
Real-time quantitative PCR
Experiments were performed by adding 10 −12 -10 −6 M 1,25(OH) 2 D 3 next day after the cells have been dissociated from primary neurospheres. After 5 days, total RNA was extracted from the cells and cDNA prepared from 1 µg of total RNA (RNeasy Kit, QIAGEN) according to the manufacturer's instructions (QuantiTect Reverse Transcription Kit, QIAGEN,Valencia,CA). PCR reactions (QuantiFast SYBR Green PCR Kit, QIAGEN, Valencia, CA) were initiated with denaturation at 95°C for 10 s, annealing at 60°C for 30 s, polymerization at 72°C for 30 s and with 40 cycles. The experiment was carried out in triplicate for expression of VDR and neurotrophic factors, with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene primer serving as an endogenous control and internal standard. Sequencing primers are shown in Table 1 . Real-Time quantitative PCR was performed with ABI Prism 7000 sequence detection system (Applied Bio-Systems, Foster City, CA).
Statistical analysis
Data are presented as the mean ± SEM of 3 independent experiments, each carried out in triplicate. Comparisons were analyzed by using unpaired, two-tailed, t-tests. P < 0.05 was considered to be statistically significant. The graphs of the original data were produced using GraphPad Prism software version 6.00 for Windows GraphPad, USA).
Results
NSCs express VDR, which can, in turn, be upregulated by 1,25(OH) 2 D 3
To study the direct effect of 1,25(OH) 2 D 3 on NSCs, we first determined whether VDR is expressed on these cells, and whether the vitamin has, in turn, a regulatory effect on this receptor. To this end, NSCs in the presence or absence of 1,25(OH) 2 D 3 (10 −12 -10 −6 M) were cultured for 5 days, and VDR expression was determined with quantitative RT-PCR. As shown in Figure 1 , VDR is constitutively expressed on NSCs and adding 1,25(OH) 2 D 3 upregulated its expression in a concentration-dependent manner. These results provided a basis for the direct effect of the vitamin on NSCs, and indicated a positive feedback loop whereby 1,25(OH) 2 D 3 upregulates expression of its receptor in NSCs (Figure 1 ).
1,25(OH) 2 D 3 enhanced NSC proliferation
We then determined the effect of 1,25(OH) 2 D 3 on NSC proliferation. Cells were cultured in stem cell proliferation medium, with different concentrations of 1,25(OH) 2 D 3 . Cell numbers were counted by hemocytometer at days 1, 3, 5, 9 and 14 of culture. As shown in Figure 2A , NSCs treated with 10 −6 M of 1,25(OH) 2 D 3 exhibited more neurosphere formation and larger cell size in comparison to those cultured with medium only. The absolute numbers of NSCs cultured with 1,25(OH) 2 D 3 at days 9 and 14 were significantly increased ( Figure 2B ).
The effect of 1,25(OH) 2 D 3 on NSC growth was further measured with the amount of BrdU incorporation into newly synthesized DNA strands of actively proliferating NSCs. Consistent with the results shown in Figure 2A and B, NSC proliferation was enhanced in a concentration-dependent manner when cells were cultured with 1,25(OH) 2 D 3 ( Figure 2C ). Together, these results indicate that 1,25(OH) 2 D 3 has a potent effect on NSC proliferation.
1,25(OH) 2 D 3 enhanced NSC differentiation into neurons and oligodendrocytes
To study the possible effect of 1,25(OH) 2 D 3 in NSC differentiation, NSC suspension was cultured in differentiation medium with or without adding 1,25(OH) 2 D 3 at concentrations of 10 −12 -10 6 M. As shown in Figure 3 , the morphology of NSCs was altered in 1,25(OH) 2 D 3 concentration-dependent manner, i.e., cells with branches were more frequently observed in cultures with 10 −6 M of 1,25(OH) 2 D 3 , indicating a more mature phenotype of neural cells.
NSC differentiation into mature neural cells was further verified by immunostaining, using antibodies for neural cell lineage markers, including NeuN (neurons), GFAP (astrocytes), GalC (oligodendrocytes) and Nestin (undifferentiated NSCs). Our results showed that significantly higher numbers of 1,25(OH) 2 D 3 -treated NSCs differentiated into NeuN + neurons, and GalC + oligodendrocytes, while a smaller number of these NSCs differentiated into GFAP + astrocytes. Furthermore, a higher number of NSCs cultured with only medium remained undifferentiated (nestin + ) (Fig. 4A, B) . These results are consistent with the morphological changes shown in Figure 3 , and indicate a promoting effect of 1,25(OH) 2 D 3 in neuron/oligodendrocyte differentiation of NSCs.
1,25(OH) 2 D 3 upregulated expression of neurotrophic factors
Given the important role of neurotrophic factors in the development and maintenance of nervous system, we have determined expression of neurotrophic factors by NSCs after culture with 1,25(OH) 2 D 3 . We have found that NSCs expressed significantly more NT-3, BDNF, CNTF and GDNF in the presence of 1,25(OH) 2 D 3 ( Figure 5 ). Thus, upregulation of these factors may provide a mechanistic explanation for the enhanced NSC proliferation and neuron/oligodendrocyte differentiation in the presence of 1,25(OH) 2 D 3 .
Discussion
In the present study we demonstrate that NSCs express VDR and that 1,25(OH) 2 D 3 significantly upregulates this expression. Further, 1,25(OH) 2 D 3 enhanced NSC proliferation and enhanced their differentiation into neurons and oligodendrocytes, with reduced astryogliosis. These results provide a novel mechanism for the therapeutic effect of 1,25(OH) 2 D 3 in EAE.
The therapeutic effect of 1,25(OH) 2 D 3 in EAE has been attributed to immunomodulation. For example, 1,25(OH) 2 D 3 inhibited the IL-12/IFN-γ axis (Muthian, Raikwar et al. 2006) and Th17 cell differentiation (Zhang, Jin et al. 2009 ), suppressed inflammatory cell trafficking into the CNS, and induced apoptosis of these cells (Hayes 2000) . It has recently been shown that 1,25(OH) 2 D 3 induced IDO tolerogenic dendritic cells and enhanced Treg differentiation. However, whether this vitamin also directly affects remyelination of neural cells as a mechanism for EAE recovery is not known. Given that 1,25(OH) 2 D 3 can pass through the blood-brain barrier, and that the VDR is present in the brain cells, 1,25(OH) 2 D 3 may also exert a direct effect in the CNS (DeLuca, Kimball et al. 2013) . Indeed, 1,25(OH) 2 D 3 induced various neurotrophic factors that are involved in neuroprotection and immunomodulation (Correale, Ysrraelit et al. 2010) . It has been shown that oligodendrocytes express VDR, and 1,25(OH) 2 D 3 depletion leads to a slower rate of oligodendrocyte differentiation with an increased apoptosis, axonal injury and demyelination (Huang, Ferrari et al. 2012) . These results indicate that 1,25(OH) 2 D 3 maintains the equilibrium between oligodendroglial differentiation and axonal adhesion during normal brain development. In addition, 1,25(OH) 2 D 3 plays a supportive role in neuronal differentiation and neuroprotection (Newmark and Newmark 2007) . However, whether VDR is also expressed in NSCs is not known. In the present study we have shown that NSCs constitutively express this receptor, which can be, in turn, significantly upregulated upon 1,25(OH) 2 D 3 treatment. The function of VDR on NSCs was further confirmed by our results showing an increase in NSC proliferation and differentiation after 1,25(OH) 2 D 3 was added to the culture of these cells. Consistent with our findings, it has been recently shown that 1,25(OH) 2 D 3 effectively blocked the toxic effect of L-DOPA on NSCs, and that this effect may be through promoting prosurvival signaling, including activation of the PI3K pathway, and reducing oxidative stress (Jang, Park et al. 2014) . Taken together, these results indicate a direct effect of 1,25(OH) 2 D 3 on NSCs.
NSCs are a unique population of cells that exhibit stem cell properties, including selfrenewal, i.e., production of a large number of progeny, and multipotency, i.e., differentiation of the progeny into the three primary CNS phenotypes (Louis and Reynolds 2005) . Because NSCs have the ability to support neurogenesis within restricted areas throughout adulthood and can undergo extensive in vitro expansion, they have been viewed as a renewable source of neural precursors for regenerative transplantation in various CNS diseases (Horner and Gage 2000, Teng, Lavik et al. 2002) . Increasing evidence suggests that NSCs go through a process of self-renewal, proliferating and differentiating into the appropriate lineage when inflammatory damage or injury occurs in the nervous system (Pluchino and Martino 2008) . In the present study we demonstrate that 1,25(OH) 2 D 3 promoted NSC proliferation, as shown by a dose-dependent increase in BrdU incorporation, providing evidence for the effect of 1,25(OH) 2 D 3 in the NSC growth.
The differentiation capacity of NSCs is one of the main reasons that they are being considered as a potential therapeutic tool in nervous system disorders. When inflammatory damage or injury occurs in the nervous system, NSCs proliferate, migrate into the disease foci, and differentiate into the appropriate cell lineage for neurorepair (Nait-Oumesmar, Picard-Riera et al. 2007 ). Our study shows that 1,25(OH) 2 D 3 treatment drove NSCs to differentiate into a greater number of oligodendrocyte and neurons, thus promoting their capacity to support remyelination and axonal growth. The reduced astrocyte differentiation of 1,25(OH) 2 D 3 -treated NSCs would be beneficial in reducing astrogliosis, a main cause of the formation of MS plaques (Cristofanilli, Rosenthal et al. 2014 ). The mechanism underlying 1,25(OH) 2 D 3 -induced neural cell differentiation is not clear, but it is possibly that induction of neurotrophins plays an important role. Indeed, it has been found that 1,25(OH) 2 D 3 upregulated neural cell expression of NT-3 and nerve growth factor (NGF) (Brown, Bianco et al. 2003) as well as GDNF (Naveilhan, Neveu et al. 1996) , all of which promote neuron and oligodendrocyte precursor proliferation, survival, and differentiation (Numakawa 2014 , Yang, Yan et al. 2014 . In the present study we show that 1,25(OH) 2 D 3 induced NSC expression of CTNF, which is primarily expressed in glial cells within the central and peripheral nervous systems and plays an important role in neural cell survival and neuron/oligodendrocyte differentiation (Selvaraj and Sendtner 2013) . Increase in BDNF by 1,25(OH) 2 D 3 can enhance its effects upon the oligodendroglia lineage, including proliferation, differentiation, maturation and myelination (Junhua 2012) . Thus, upregulation of neurotrophic factors may be a mechanism underlying the effect of 1,25(OH) 2 D 3 on NSC differentiation, survival and neuron/oligodendrocyte differentiation.
In summary, our study demonstrates that, in addition to its known role in the immune system functioning, 1,25(OH) 2 D 3 directly promotes proliferation and neuron/oligodendrocyte differentiation of NSCs, thus representing a novel mechanism underlying its beneficial effects in MS/EAE therapy. These results, together with the capacity of 1,25(OH) 2 D 3 to pass through the blood brain barrier (DeLuca, Kimball et al. 2013) , indicate a direct effect of 1,25(OH) 2 D 3 on NSC development and differentiation in vivo and, consequently, neuroregeneration and repair. 
